The present day distributions of many Northern Hemisphere temperate species are largely the result of the climatic fluctuations that occurred throughout the Pleistocene (1.8 Ma -10 ka; Webb & Bartlein, 1992; Hewitt, 2003) . During the extended glacial periods, many of these species persisted in climatically suitable refugia, usually south of the ice sheets, and recolonized formerly glaciated areas following the retreat of the ice during the interglacials, achieving their current distributions by the Holocene (10 ka -present; Taberlet et al. 1998; Hewitt 1999) . In recent years, however, this simple "expansion-contraction" paradigm of species' persistence throughout the glacial periods has been challenged by palynological and phylogeographic evidence, which suggests that some species might have persisted in "cryptic" refugia further north than had previously been considered (Bennett and Provan
2008; Provan and Bennett 2008).
The distribution of the so-called "Lusitanian" flora, a group of about a dozen plant species that are found only in southern and western Ireland and northern Iberia, has long puzzled biogeographers. Some botanists proposed that this disjunct distribution was the result of persistence in separate northern and southern refugia during the ice ages, whilst others insisted that not even the hardiest of cold-tolerant plants could survive through the Last
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LGM models were averaged to give a single consensus model. To identify areas where the model has extrapolated beyond current climatic conditions, which could lead to unreliable predictions, we carried out a multivariate environmental similarity surfaces (MESS) analysis (Elith et al. 2010) in MAXENT.
DNA sequencing
Sequence data were obtained from one chloroplast locus (the trnL-trnF intergenic spacer for P. grandiflora and the trnS-trnG intergenic spacer for S. spathularis) and three anonymous single-copy nuclear loci for each species (details and primer sequences are given in Appendix S2). Primers to amplify anonymous single-copy nuclear DNA loci were developed using the ISSR-cloning method described in Beatty et al. (2010) . For herbarium samples from which the complete chloroplast product could not be amplified in a single PCR, the region was amplified as two or three overlapping fragments using internal primers (Appendix S3). PCR was carried out on a MWG Primus thermal cycler (Ebersberg, Germany) using the following parameters: initial denaturation at 94 °C for 3 min followed by 45 cycles of denaturation at 94 °C for 30 s, annealing at 58 °C (52 °C for S. spathularis trnS-G intergenic spacer) for 30 s, extension at 72 °C for 1 min and a final extension at 72 °C for 5 min. PCR was carried out in a total volume of 20 μl containing 200 ng genomic DNA, 10 pmol of each primer, 1x PCR reaction buffer, 200 μM each dNTP, 2.5 mM MgCl 2 and 0.5 U GoTaq Flexi DNA polymerase (Promega, Sunnyvale, CA). Five μl PCR product were resolved on 1.5% agarose gels and visualised by ethidium bromide staining, and the remaining 15 μl were EXO-SAP purified and sequenced in both directions using the BigDye sequencing kit (V3.1; Applied Biosystems) and run on an AB 3730XL DNA analyser (Life Technologies; Carlsbad, California, USA).
DNA sequences were aligned in BIOEDIT (V7.0.9.0; Hall, 1999 (Heslop-Harrison 2004) , but to avoid difficulties with estimation of allele dosage, all heterozygotes were scored as 50:50 i.e. similar to treatment of diploid loci. Given the extremely low levels of heterozygosity observed in Irish populations relative to continental European populations, this should not unduly affect our conclusions regarding the glacial history of the species. Potential recombination was assessed using the Hudson & Kaplan (1985) test in DnaSP. Median-joining networks for all loci were constructed using the NETWORK software package (V4.5.1.6; www.fluxus-engineering.com). Any reticulations in the networks were broken following the rules described in Pfenninger & Posada (2002) . Levels of haplotype diversity (H) and nucleotide diversity (π) were calculated using DnaSP.
To account for differences in sample sizes, particularly in the case of S. spathularis, levels of haplotype richness (R h ) were calculated using HAPLOTYPE ANALYSIS (V1.05; Eliades &
Eliades 2009).
To assess potential geographical structuring of genetic variation in continental European populations associated with persistence in multiple glacial refugia, we performed a spatial analysis of molecular variance (SAMOVA) using the SAMOVA software package (V1.0; Doupanloup et al. 2002) for each of the eight data sets. The program uses a simulated annealing approach based on genetic and geographical data to identify groups of related populations. The program was run for 10,000 iterations for K = 2 to 10 groups from 200 initial conditions, and the most likely structure was identified using the maximum value of Φ CT that did not include any groups of a single population. (Figures 1c and 1d ). The models suggested that both species had larger potential distribution ranges during the LGM. For P. grandiflora, extensive regions of suitable habitat coincided largely with the species' current distribution in continental Europe, with additional areas in southern France where the species is currently absent (Figure 1e ). Two main areas of suitable habitat during the LGM were identified for S. spathularis, one in Northern Spain which corresponds to the eastern part of the species' present-day distribution in Iberia, as well another on the continental shelf off the west coast of Brittany, south of the limit of the British-Irish ice sheet (Figure 1f ).
Phylogeographic analysis
Between three (trnL-F) and twelve (Pg-C01 and Pg-F10) haplotypes were found in the four loci analysed in P. grandiflora (Table 1 and spathularis. Consequently, subsequent analyses were carried out using only the largest nonrecombining portion of each locus (see Appendix S3 for details). The chloroplast trnS-G intergenic spacer region exhibited eleven haplotypes in Spain (R h = 10.000, H = 0.872, π = 0.0020), but only a single haplotype in Ireland (Table 1 and Figure 3 ). For three nuclear loci, values for R h , H and π ranged from 3.000 (Ss-G04) to 5.000 (Ss-C02), from 0.238 (Ss-G04) to 0.557 (Ss-G07), and from 0.0026 (Ss-G04) to 0.0076 (Ss-C02) respectively in Spain, and from 1.000 (Ss-G04) to 4.491 (Ss-C02), from 0.162 (Ss-G04) to 0.581 (Ss-C02), and 0.0017 (Ss-G04) to 0.0084 (Ss-C02) respectively in Ireland. All four loci exhibited private haplotypes in Spain, whilst two of the four (Ss-C02 and Ss-G07) had private haplotypes in three of the Irish populations studied.
For both species, none of the SAMOVA analyses (four loci for each species) indicated any obvious geographical structuring of genetic variation (data not shown). Supporting Material). When applied to the LIG and LGM models for both of our study species, the only modeled area that was associated with strongly negative (i.e. less than -10) MESS values, and consequently may reflect unreliable prediction, was the northeastern part of the modeled LGM range for P. grandiflora in eastern Aquitaine and the Midi-Pyrénées regions of France. The apparently larger distributions for both species at the LGM relative to the LIG may reflect the fact that they are cold-tolerant to some degree (Webb 1983) , and many cold-tolerant species have been suggested to have larger distributions during glacial periods (reviewed in Bennett & Provan 2008; Stewart et al. 2010) . Nevertheless, although the observed patterns of genetic variation in P. grandiflora are consistent with the occurrence of a single large refugium (see below), caution should be exercised when trying to make inferences on past ranges for species with restricted distributions (Elith et al. 2010) .
Although all models had high AUC values, which generally indicates good predictive power, these values tend to be inflated for species which occupy a limited part of the area analyzed, as typified by species that exhibit disjunct distributions where large areas are unoccupied. Levels of haplotype diversity in Irish populations are comparable to those found in Spain for the three nuclear loci studied, and private haplotypes are present in Ireland at two of these loci, although after rarefaction to account for differences in sample size, levels are lower for all three loci in Ireland. This is in contrast, however, to the data from the chloroplast trnS-G intergenic spacer, which suggest an extreme bottleneck in Irish populations, effectively ruling out the possibility that Iberian populations might have originated in a northern refugium. The discrepancy between the chloroplast and nuclear markers is most likely due to the smaller effective population size of the haploid, uniparentally inherited chloroplast genome, which will be more susceptible to effects of genetic drift during the population fluctuations associated with climatic changes during the Pleistocene.
Despite the comparable levels of nuclear diversity and occurrence of private haplotypes, it seems unlikely that S. spathularis persisted through the LGM in separate northern and southern refugia, as suggested by the palaeodistribution model, since this would lead to phylogenetic structuring which would be reflected geographically. The opposite is apparent for locus Ss-G07, where the two private haplotypes found in Ireland, depicted in yellow and white, are two of the most phylogenetically divergent haplotypes, being separated by four mutations. It is possible that these represent localized recent mutations, since they are present at very low frequencies. Alternatively, it might be that the lower number of plants analyzed from Spain means that these haplotypes are present there, but were simply not sampled.
The patterns of genetic variation observed in S. spathularis are similar to those reported for Meconopsis cambrica, an herbaceous species with a disjunct distribution similar to that spathularis (Elith et al. 2010 ). This could also explain the extremely low levels of predicted suitable habitat during the LIG.
An alternative explanation for the occurrence of private haplotypes in Ireland could be introgression from the congeneric S. hirsuta. Both species occur sympatrically in Cos. Cork and Kerry, where they hybridize to form S. x polita (Webb, 1951) . Although S. hirsuta is much less common than S. spathularis, introgression of species-specific SNP alleles from the former into the latter has been observed, even in populations of S. spathularis from Co.
Galway where S. hirsuta is now absent (G.E. Beatty & J. Provan, unpublished results). Such
introgression is consistent with the high levels of recombination detected at all three nuclear loci, but would not affect the chloroplast genome. Unfortunately, though, it was not possible to amplify the two orthologous loci of Ss-C02 and Ss-G07 in S. hirsuta to determine whether the alleles had been introgressed into S. spathularis from its congener. Nevertheless, the differing refugial histories of the three species suggest that no one scenario can account for the present-day distribution of the Lusitanian flora, and that several southern refugia facilitated these species' survival during the LGM. in using genetic approaches to study the effects of past and present climate change on the distribution ranges of natural populations, and the various factors that determine these ranges.
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